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Abstract 
Spatial and temporal variation in insect floral herbivory is 
common and often important. Yet, the determinants of such 
variation remain incompletely understood. Using 12 years of 
flowering data and 4 years of biweekly insect counts, we eval-
uated four hypotheses to explain variation in damage by the 
Eurasian flower head weevil, Rhinocyllus conicus, to the native 
North American wavyleaf thistle, Cirsium undulatum. The four 
factors hypothesized to influence weevil impact were varia-
tions in climate, weevil abundance, phenological synchrony, 
and number of flower heads available, either on wavyleaf this-
tle or on the other co-occurring, acquired native host plant 
(Platte thistle, Cirsium canescens), or on both. Climate did not 
contribute significantly to an explanation of variation in R. 
conicus damage to wavyleaf thistle. However, climate did in-
fluence weevil synchrony with wavyleaf flower head initia-
tion, and phenological synchrony was important in determin-
ing R. conicus oviposition levels on wavyleaf thistle. The earlier 
R. conicus was active, the less it oviposited on wavyleaf thistle, 
even when weevils were abundant. Neither weevil abundance 
nor availability of wavyleaf flower heads predicted R. conicus 
egg load. Instead, the strongest predictor of R. conicus egg load 
on wavyleaf thistle was the availability of flower heads on 
Platte thistle, the more common, earlier flowering native this-
tle in the sand prairie. Egg load on wavyleaf thistle decreased 
as the number of Platte thistle flower heads at a site increased. 
Thus, wavyleaf thistle experienced associational defense in 
the presence of flowering by its now declining native conge-
ner, Platte thistle. These results demonstrate that prediction 
of damage to a native plant by an exotic insect may require 
knowledge of both likely phenological synchrony and total re-
source availability to the herbivore, including resources pro-
vided by other nontarget native species. 
Keywords: associational defense, biocontrol, invasive species, 
insect herbivory, phenological synchrony
Introduction
A striking characteristic of insect herbivory in natu-
ral systems is its variability (Crawley 1983, 1992; Louda 
1989; Leimu et al. 2002). Seed losses to insect floral feed-
ers and predispersal seed predators can vary more 
than two- to sixfold among populations of a host spe-
cies (Louda 1982a, 1983; Leimu et al. 2002). The causes of 
such variation among plant populations and years, how-
ever, are poorly understood for coevolved plant–insect 
interactions, and even less so for interactions involving 
invasive exotic insects. A better understanding of the 
mechanisms underlying variation in herbivory is critical 
to predicting the conditions under which herbivores, na-
tive or exotic, will affect either plant population densi-
ties (Louda 1982b, 1983; Louda and Potvin 1995; Kelly 
and Dyer 2002; Maron et al. 2002, Rose et al. 2005) or dis-
tributions (Louda 1982a, 1983; Louda et al. 1987; Smith 
1987, Louda and Rodman 1996). 
Climatic factors, such as temperature and precipitation, 
can affect both insect activity and plant performance (e.g., 
Rathcke and Lacey 1985; Tauber et al. 1986). For some flo-
ral herbivore–host plant interactions, effects of climate on 
insect herbivores or on their host plants are sufficiently 
direct and strong to determine the level of herbivore 
damage (Solbreck and Sillen-Tullberg 1986). However, in 
many instances climate effects on insect and plant popula-
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tions may be weak or may be sufficiently complex so that 
accurate prediction of damage may require knowledge of 
the population dynamics of herbivore and host plant, and 
possibly of alternate host species as well. 
Three leading hypotheses that focus upon the direct in-
teraction between herbivore and host plant to explain spa-
tial and temporal variation in rates of floral herbivory/
pre-dispersal seed predation are the masting hypothesis 
(Janzen 1971, Koenig and Knops 2000), the phenological 
window hypothesis (Aizen and Patterson 1995), and the 
resource concentration hypothesis (Root 1972; Hamback 
and Beckerman 2003). The masting hypothesis suggests 
that variation in herbivore-caused seed loss occurs be-
cause large temporal variations in host plant flowering al-
ter the ratio of floral/seed resources to herbivore numbers 
(Janzen 1971; Koenig and Knops 2000). The phenological 
window hypothesis suggests that variation in herbivore-
caused seed loss is a response to variation in the degree of 
overlap in insect activity with floral/seed resources. The 
resource concentration hypothesis suggests that variation 
in herbivore-caused seed loss is a response to variation in 
resource availability (Root 1972; Hamback and Beckerman 
2003). If such direct interactions primarily determine levels 
of insect damage, then properties of the herbivore and the 
host plant population should explain temporal and spatial 
variation in damage to that host plant. 
However, theory suggests that indirect, herbivore-me-
diated interactions between plants may occur when they 
share a significant herbivore (Holt 1977). If the insect ag-
gregates in resource-rich patches, then co-occurrence with 
an alternate host species may lead to an increase in dam-
age, called “associational susceptibility” (Holt 1977). Al-
ternately, if the insect has a preference for the alterna-
tive host, then co-occurrence with that species may lead 
to a decrease in damage, called “associational defense” 
(Tahvanainen and Root 1972). If indirect effects predom-
inate, then damage to one host species can be predicted 
only with information about populations of other co-oc-
curring, alternate host species. Holt and Hochberg (2001) 
extended this theory of indirect interaction effects, pre-
dicting that damage to newly adopted, native plant hosts 
by exotic insects introduced for weed biocontrol should 
be affected by the abundance of the targeted exotic weed. 
The possibility, however, that biocontrol insects may me-
diate novel indirect effects among adopted, native hosts 
has rarely been considered. 
In this study we evaluated direct and indirect effects 
of both abiotic and biotic factors, previously hypothe-
sized to predict variation in herbivore load, in the inter-
action and impact of the invasive flower head weevil, 
Rhinocyllus conicus Fröl., with the native wavyleaf thistle 
(Cirsium undulatum Spreng.) in sand prairie in the north-
ern Great Plains. In these prairies, R. conicus oviposits not 
only on wavyleaf thistle, but it also has heavily impacted 
a second, native thistle, Platte thistle (C. canescens Nutt.) 
(Louda et al. 1997; Louda and Arnett 2000; Louda et al. 
2003; Rose et al. 2005). 
To examine the mechanisms that drive variation 
among sites and years in R. conicus damage to wavyleaf 
thistle, we systematically evaluated a series of hypoth-
eses, each of which incorporated a greater degree of bi-
ological complexity than its predecessor. First, we ex-
amined the hypothesis that variation in key climate 
parameters will predict variation in R. conicus egg load 
on wavyleaf thistle. Second, we examined the ability 
of three direct biotic mechanisms to predict the R. con-
icus egg load. These were variations in R. conicus abun-
dance, synchrony of R. conicus and wavyleaf thistle, and 
availability of wavyleaf flower head resources. Finally, 
we examined the degree to which indirect effects, specif-
ically either total thistle flower head availability on both 
wavyleaf thistle and Platte thistles or Platte thistle flower 
head availability only, predicted R. conicus egg load on 
wavyleaf thistle. We found that the indirect effects were 
strongest; R. conicus egg load on wavyleaf thistle was in-
versely related to the availability of Platte thistle flower 
heads. 
Methods
Natural history and background
The data were collected at six sites within two pre-
serves owned by The Nature Conservancy in the 
49,000 km2 Nebraska Sand Hills, the largest continen-
tal dune grassland in the western hemisphere (Bleed and 
Flowerday 1989). The two preserves were Arapaho Prai-
rie Preserve in Arthur County, NE (41°30′N, 101° 52′W) 
in the southwest, and Niobrara Valley Preserve in Brown 
County, NE (42°46′N, 100°W), in the north-central Sand 
Hills, 270 km from Arapaho. 
Wavyleaf thistle (C. undulatum Spreng.), although 
widespread in the Great Plains, is relatively sparse in the 
Sand Hills (Great Plains Flora Association 1986). Its iter-
ocarpic life history in this region contrasts with that of 
the predominant Sand Hills species, Platte thistle (C. ca-
nescens), which is monocarpic. Flower head development 
of wavyleaf thistle occurs from early June to mid-August, 
about three weeks after that of Platte thistle (Great Plains 
Flora Association 1986; Louda 1998). 
The weevil R. conicus is a flower head feeding thistle 
specialist that was introduced into North America from 
Europe in 1968, and into eastern Nebraska 1969–1972, as 
a biological control agent for exotic Carduus spp. thistles, 
especially musk thistle, C. nutans L. (Zwölfer and Har-
ris 1984; Gassmann and Louda 2001). The weevil ovipos-
its on external bracts of developing flower heads, cov-
ering each egg with an obvious case of masticated plant 
tissue. Larvae burrow into the flower head, where they 
consume receptacle tissues, florets, ovules, and devel-
oping seeds. Development takes 53–76 days, allowing 
one generation per year (Zwölfer and Harris 1984). After 
1993–1994, when R. conicus invaded our long-term Sand 
Hills study sites, its numbers increased significantly on 
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both of the native thistles (Louda et al. 1997, 1998; Louda 
1998, 2000). No exotic thistles occurred in our Sand Hills 
sites. 
Field data
Sampling procedures for wavyleaf thistle paralleled 
those used previously in studies of Platte thistle (Louda 
2000; Russell and Louda 2004; Rose et al. 2005). To quan-
tify flowering and floral herbivory, we sampled adult 
plants at two sites at each preserve 1991–2001. In May 
at each site, we marked every wavyleaf rosette that was 
large enough to flower that occurred along a walked 
transect until a sample of thistles was designated. The 
number of plants sampled per site varied with avail-
ability (N = 5–12 per site per year, mean = 7). At Nio-
brara, the same sites were used in all years (Inner Salz-
man, Outer Salzman). At Arapaho, sites differed among 
years but always included two of four (Gate, Shed, Mid-
west, West Foothills). 
Sampled plants were measured at four stages of devel-
opment: (1) early (late May), when wavyleaf plants were 
initiating flower buds and R. conicus adults were active; 
(2) midseason (late June), when wavyleaf plants had initi-
ated most of their flower heads and R. conicus was finish-
ing oviposition; (3) late season (late July) when wavyleaf 
thistle flowering was almost complete and no adult R. 
conicus remained; and (4) end of season (late August) 
when the last wavyleaf flower heads had matured seed. 
These measurements are sufficient to derive the shape of 
the plant flowering phenology distribution and to quan-
tify R. conicus oviposition levels (Louda 1998, 2000; Rose 
et al. 2005). On each date, we recorded diameter and de-
velopmental stage of all of the flower heads on each 
marked plant. The stages were small bud, large bud, par-
tial flower, full flower, maturing seed, and dispersed (as 
in Lamp and McCarty 1981; Bevill et al. 1999). We iden-
tified and counted all insects present. In 1996, in addition 
to noting presence, we began counting the number of R. 
conicus egg cases per head. Counts of flower heads and 
weevil egg loads on Platte thistle at these sites, used to 
quantify total resources and compare egg loads, are from 
a parallel study of Platte thistle (Russell and Louda 2004). 
We also intensively sampled insects on the marked this-
tles (1997–2000), to better quantify the abundance and 
phenology of R. conicus adults, by counting weevils twice 
weekly (mean = 4 days; range 3–5 days, depending on 
weather) May through July. 
Daily climate data (1989–2001) came from the Ne-
braska automated data network stations at Arapaho 
Prairie and at the town of Ainsworth, 20 km southeast 
of the Niobrara Valley Preserve (available through the 
High Plains Climate Center, University of Nebraska–
Lincoln). The climate variables, suggested as impor-
tant for insect or plant dynamics and evaluated in this 
study, were three measures of temperature variation [to-
tal growing degree-days (GDD) above 4.4°C (40°F) by 
season, days in spring to last hard freeze (<−3.9°C), and 
days to last freeze (0°C) from 1 January]; and, two mea-
sures of environmental moisture [mean daily precipita-
tion, relative humidity by season]. We defined seasons 
as winter = January–March; spring = April–June; sum-
mer = July–September; and autumn = October–Decem-
ber. Climate variables were standardized for each pre-




Weevil abundance and egg loads — To determine whether 
adult weevil abundance varied among preserves and 
years, we used a 2×4 contingency table analysis. To eval-
uate the relationship between weevil abundance and phe-
nology, we used a Pearson product-moment correlation. 
To estimate relative abundance of R. conicus adults at each 
preserve in each year (1997–2000), we used the cumula-
tive number of R. conicus adults observed at the 4-day in-
tervals. This measure may involve some redundancy, but 
it should be comparable among preserves and years. To 
compare counts across years, we standardized adult wee-
vil counts to number per ten plants. We used Kruskal-
Wallis tests to compare mean number of R. conicus egg 
cases per flower head per wavyleaf thistle plant among 
years (1996–2001) at each preserve. We used a Wilcoxon 
ranked sum test to compare weevil egg load on wavyleaf 
thistle among preserves. 
Flower head availability — We used two-way ANOVA 
on log-transformed counts to determine whether the to-
tal number of C. undulatum flower heads in late July dif-
fered significantly between preserves and years (1991–
2001). Contrasts were used to detect differences between 
preserves in each year, using the conservative Bonfer-
roni correction to adjust significant thresholds for multi-
ple comparisons. Since our focus was on population in-
teractions, the total number of flower heads observed was 
standardized to ten plants per preserve. This estimate in-
corporates variation in individual plant size. Also, it pro-
vides a reasonable index of preserve-specific flower head 
availability since it reflects the relationship observed be-
tween size, flowering effort, and plant density in demog-
raphy plots at each preserve (S. M. Louda and K. H. Kee-
ler, unpublished data). 
Phenology and synchrony — To quantify phenologies, 
we calculated the proportion of the cumulative number 
of weevils, and the cumulative number of flower heads 
initiated per plant, that occurred in late May, the usual 
peak in R. conicus numbers (Russell and Louda 2004). 
Proportions were arcsine-transformed before analysis. 
To estimate the degree of phenological synchrony of R. 
conicus with wavyleaf thistle flowering, we defined a 
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measure of population synchrony as the difference be-
tween the proportion of total weevils and the propor-
tion of total C. undulatum heads observed in late May. 
We refer to this difference as the “degree R. conicus pre-
ceded C. undulatum.” This measure was positive when 
R. conicus was earlier than wavyleaf thistle, and negative 
when wavyleaf thistle was earlier. Larger absolute val-
ues for this measure indicate greater asynchrony of wee-
vil and thistle populations than smaller absolute values. 
Since the date of sampling in May varied between years 
(Niobrara: 21–31 May; Arapaho: 24–31 May), we asked 
if date affected our estimate of the proportions observed 
in May. For wavyleaf flower heads, it did (linear regres-
sion: P < 0.001, both preserves); so, for the analysis of 
wavyleaf thistle phenology, we analyzed the residuals 
from the regression of transformed proportions of flower 
heads on sampling date. Date of sampling did not affect 
either the proportion of R. conicus adults observed or 
the degree R. conicus preceded wavyleaf thistle. To test 
for variation in wavyleaf phenology among preserves 
and years (1991–2001), we used two-way ANOVA and 
Fischer’s LSD to evaluate differences. We used a 2 × 4 
× 2 contingency table analysis to determine whether the 
number of adult weevils observed by late May in inten-
sive insect counts (1997–2000) varied among preserves 
and years. To examine the differences in weevil num-
bers between preserves within each year, we used 2 × 
2 contingency table analyses, using the Bonferroni cor-
rection to adjust significant thresholds for multiple com-
parisons. To evaluate the relative effect of weevil and of 
wavyleaf thistle on their phenological synchrony, we ex-
amined Pearson product-moment correlations of the de-
gree R. conicus preceded wavyleaf with weevil phenol-
ogy and with plant phenology. 
Influence of climatic variables
We used multiple regression to evaluate effects of cli-
matic variables on variation in R. conicus abundance, R. 
conicus egg cases per head, R. conicus phenology, wavyleaf 
thistle flower heads, wavyleaf thistle phenology, and 
weevil–plant phenological synchrony. Sample sizes of 
the preserve-year combinations for these tests were 23 for 
thistle flowering effort and phenology (Arapaho: 1992–
2001; Niobrara: 1991–2001), 12 for R. conicus egg cases per 
wavyleaf flower head (both preserves: 1996–2001); and 8 
for weevil abundance, phenology, and phenological syn-
chrony (both preserves: 1997–2000). We used regression 
(PROC REG: SAS 1999) to identify the model with the 
lowest mean square error and fewest nonsignificant vari-
ables. We included as explanatory variables only those 
climate variables that our literature review indicated were 
likely to affect thistle development, or weevil activity, sur-
vival, or development (Rathcke and Lacey 1985; Tauber 
et al. 1986; Tauber et al. 1998; Gassmann and Louda 2001). 
For R. conicus egg cases per wavyleaf flower head, wee-
vil abundance, and weevil–plant phenological synchrony, 
we examined both precipitation and GDD in the previous 
summer, previous autumn, preceding winter and spring; 
winter and spring relative humidity; and days until both 
last hard freeze and last freeze in spring. For R. conicus 
phenology we examined winter and spring GDD, precip-
itation, and relative humidity as well as days until last 
hard freeze and last spring freeze. Previous summer and 
autumn relative humidities were eliminated because they 
showed diffuse colinearity with the other climate vari-
ables (VIF = 8.33, 11.28, respectively). For wavyleaf thistle 
flowering phenology, wavyleaf flower head availability, 
and total thistle flower head availability, we examined 
previous summer, autumn, winter and spring, GDD and 
precipitation, days until last hard freeze, and days until 
last freeze in spring. 
Influence of biotic variables: direct interaction of R. coni-
cus with C. undulatum 
We used multiple regression to evaluate relation-
ships of both R. conicus occurrence and oviposition on 
wavyleaf thistle with variation in three hypothesized bi-
ological variables: (1) R. conicus abundance, (2) pheno-
logical synchrony of R. conicus and wavyleaf thistle; and 
(3) availability of wavyleaf flower head resources (N = 16 
site-year combinations, 1997–2000). Methods for quan-
tifying site-specific R. conicus abundance, R. conicus egg 
cases per head, flower head production, and phenologi-
cal synchrony paralleled those for preserve-specific esti-
mates described above. We defined “relative occurrence” 
as the proportion of R. conicus adults observed that oc-
curred on wavyleaf thistle out of the total counted on 
both thistle species at a site. Similarly, we defined “rela-
tive oviposition” as the proportion of R. conicus egg cases 
observed that were found on wavyleaf thistle out of the 
total counted on both thistle species at a site. After analy-
ses of models that included all three biotic variables (wee-
vil abundance, flower head availability, plant–insect syn-
chrony), we used simple regression to test the predictive 
ability of each variable individually. 
Influence of biotic variables: indirect effects among native 
host plants
To examine R. conicus-mediated indirect effects of 
Platte thistle on wavyleaf thistle, we used multiple re-
gression analyses identical to those used to explore the 
direct interaction between R. conicus and wavyleaf thistle 
(above), except that the explanatory variables included: 
(1) total flower heads on both native thistles, and (2) only 
Platte thistle flower head abundance at a site, instead of 
wavyleaf flower head abundance. After the multiple re-
gression analysis, we used simple regression to exam-
ine the ability of total flower head abundance and abun-
dance of Platte thistle flower heads to explain variation 
in R. conicus egg load on wavyleaf, relative occurrence on 
wavyleaf, and relative oviposition on wavyleaf. 
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Results
Patterns of variation
Rhinocyllus conicus abundance, phenology, and 
oviposition 
Adult R. conicus abundance varied greatly at both pre-
serves 1997–2000 (Figure 1). There was a preserve × year 
interaction (G test: χ23 = 223.79, P < 0.001), since weevils 
were more abundant at Arapaho than at Niobrara in 1997 
and 1999 (203 and 214%, respectively), but more abun-
dant at Niobrara than Arapaho in 2000 (345%). Adult 
weevil phenology also showed a preserve × year interac-
tion (Figure 2: G test, χ21 = 15.71, P < 0.001); weevils were 
earlier at Niobrara than at Arapaho in 1997 and 2000, but 
earlier at Arapaho than at Niobrara in 1999. Weevil phe-
nology and weevil abundance were not correlated (Pear-
son correlation: r = 0.778, P = 0.778). 
Mean R. conicus egg load on wavyleaf thistle, as the 
number of egg cases per flower head per plant (1996–
2001), differed significantly among years at both preserves 
(Figure 3; Kruskal-Wallis tests: Arapaho, χ25 = 20.788, 
P≤0.001; Niobrara: χ25 = 17.722, P = 0.003). At Arapaho, 
egg load in 1998, the year of highest use, was 201% higher 
than in 2001, the year of lowest use (9.4 vs. 3.1 egg cases 
per head). At Niobrara, egg loads varied from near 0 
per head in 2000 to 3.9 in 1997. Mean egg load was 269% 
higher at Arapaho than at Niobrara 1996–2001 (Wilcoxon 
ranked sum test: χ21 = 31.895, P < 0.001). 
Flower head resource availability
The number of wavyleaf thistle flower heads varied 
moderately from 1992 to 2001 at both preserves (Figure 4). 
The number of wavyleaf thistle heads varied 2.6× and 1.8× 
among years at Niobrara and at Arapaho, respectively. 
At both preserves, the most wavyleaf heads occurred in 
1993. At Niobrara, the fewest wavyleaf heads occurred in 
1996. At Arapaho, the fewest wavyleaf heads occurred in 
2000. This variation was not statistically significant, how-
ever, likely reflecting small annual sample sizes. The total 
number of thistle heads available, wavyleaf thistle plus 
Platte thistle, showed a significant preserve × year inter-
action (ANOVA: F9,626 = 2.957, P = 0.002), reflecting 1.7× 
greater flower head production at Niobrara than at Arap-
aho in 2000. The variation in total number of thistle heads 
was driven primarily by variation in Platte thistle flower-
ing. Temporal variation in number of heads was similar 
between preserves. 
The phenology of wavyleaf thistle floral development 
at the two preserves varied significantly (1991–2001). The 
significant preserve × year interaction (ANOVA, F1,10 = 
2.072, P = 0.028) reflected generally earlier wavyleaf this-
tle development at Arapaho than at Niobrara, signifi-
cantly so in 1998, 1999, and 2000 (Figure 2). At both pre-
serves, temporal variation in thistle flowering phenology 
was less than temporal variation in weevil phenology. For 
1997–2000, coefficients of variation (CV) in the propor-
tion of weevils observed were 1.8× larger at Arapaho and 
4.2× larger at Niobrara than were the CVs in the propor-
tion of C. undulatum flower heads initiated by late May, 
respectively. 
Synchrony of R. conicus with C. undulatum. 
The phenological synchrony between weevils and 
wavyleaf thistle flower heads varied widely during 1997–
2000 at both preserves, and weevils and flower heads 
were each ahead half the time (Figure 5). Variation in the 
degree that R. conicus preceded C. undulatum correlated 
strongly with the variation in R. conicus phenology (Pear-
son correlation, r = 0.864, P = 0.006), but not with the vari-
ation in C. undulatum flowering phenology. 
Influence of climatic variables
Variation in some of the climatic variables contributed 
significantly to explaining the variation in weevil num-
bers, weevil phenology, and phenological synchrony of R. 
conicus with wavyleaf thistle, but not the variation in egg 
load on wavyleaf thistle (Table 1). First, the total number 
Figure 1. Temporal variation in Rhino-
cyllus conicus adult abundance within 
season at preserves, showing running 
means (counts standardized to N = 10 
thistles for population estimation). 
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of R. conicus adults at a preserve increased with good con-
ditions for plant growth during the preceding 12 months. 
Weevil abundance increased with increases in previous 
summer and spring precipitation, and winter and spring 
GDD (Table 1). Second, the phenology of the R. conicus 
population was accelerated by warm, wet springs. Ear-
lier weevil occurrence was significantly associated with 
increases in winter GDD, spring GDD, and spring pre-
cipitation (Table 1). Spring GDD alone explained 52.6% 
of the variation in adult weevil phenology. Spring GDD 
also contributed significantly to explaining variation in 
the degree R. conicus preceded wavyleaf thistle, explain-
ing 55.4% of the variation (Table 1).
Figure 2. Within season phenology of R. con-
icus and of wavyleaf thistle (Cirsium undula-
tum) at preserves: a, b proportion of seasonal 
total of R. conicus adults observed by late May; 
c, d mean (SE) proportion of seasonal total 
wavyleaf thistle flower heads per plant initi-
ated by late May. 
Figure 3. Between-year variation in R. conicus egg load on 
wavyleaf thistle (C. undulatum) at preserves, represented as 
mean (SE) number of egg cases per flower head per wavyleaf 
plant at Niobrara Valley (solid bars) and Arapaho Prairie Pre-
serves (open bars). 
Figure 4. Between-year variation in total number of thistle 
flower heads produced by both wavyleaf thistle and Platte 
thistle at Niobrara Valley and Arapaho Prairie Preserves. 
Numbers of flower heads are standardized to ten plants per 
species for population level comparisons. Solid portions of bars 
represent wavyleaf thistle flower heads. Open portions of bars 
represent Platte thistle flower heads. 
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Numbers of wavyleaf flower heads were not related 
to variation in any of the climatic variables that we ex-
pected to influence plant growth and development. Also, 
wavyleaf thistle phenology was not explained by the cli-
matic parameters. However, the best climate model sug-
gested that days to last spring freeze may have had a 
marginal influence (F1,19 = 3.52, P = 0.076) on wavyleaf 
phenology. Delayed flowering was weakly associated 
with later spring freezes. 
The total number of thistle flower heads, including both 
wavyleaf and Platte heads at a preserve, however, was re-
lated to climatic variation (Table 1). The total number of 
thistle flower heads at a preserve decreased with increases 
in previous summer GDD and precipitation (Table 1). 
Since Platte thistle flowering, but not wavyleaf flowering, 
decreased significantly with increases in previous summer 
GDD and precipitation (R2 = 0.429, F2,18 = 6.763, P = 0.006), 
climate influenced the total thistle flower head availability 
for weevils by influencing Platte thistle flowering effort. 
Climate variables did not explain the variation in R. 
conicus egg load on wavyleaf thistle. None of the regres-
sions, using the climatic variables that we hypothesized 
should influence insect or plant performance, were signif-
icant (P > 0.20). However, two trends of biological inter-
est appeared. First, R. conicus egg load on wavyleaf thistle 
tended to decrease with increases in spring GDD (F1,9 = 
4.53, P = 0.062); and second, egg load on wavyleaf thistle 
tended to decrease with increases in spring relative hu-
midity (F1,9 = 3.46, P = 0.096). 
Influence of biotic variables: direct interaction of R. conicus 
and C. undulatum 
The multiple regression model that included the three 
biotic variables—R. conicus abundance, the phenologi-
cal synchrony of R. conicus and wavyleaf thistle popula-
tions, and wavyleaf thistle flower head resource availabil-
ity—did not explain a significant amount of the variation 
among sites and years in R. conicus egg load on wavyleaf 
Figure 5. Between-year varia-
tion in degree R. conicus pre-
ceded wavyleaf thistle, C. un-
dulatum (proportion R. conicus 
adults observed–proportion 
wavyleaf heads initiated, by late 
May); small absolute values indi-
cate synchrony, while large abso-
lute value indicate asynchrony, at 
preserve 
Table 1. Climate variables that contributed significantly to the explanation of variance in adult Rhinocyllus conicus abundance, R. 
conicus phenology, degree R. conicus preceded C. undulatum and total thistle flower head abundance (C. undulatum + C. canescens) 
Variable                                                          Parameter estimate (slope)                            P value                                   Partial correlation
R. conicus adult abundance 
   Spring GDD 298.296 0.001 0.9988
   Days until last hard freeze 225.297 0.001 0.9988
   Previous summer precipitation 303.161 0.001 0.9987
   Spring precipitation 179.412 0.001 0.9986
   Winter GDD 87.306 0.007 0.9934
R. conicus adult phenology 
   Spring GDD 0.607 0.001 0.9741
   Spring precipitation 0.398 0.003 0.9513
   Winter GDD 0.201 0.028 0.8596
Degree R. conicus preceded C. undulatum (phenological synchrony/asynchrony) 
   Spring GDD 0.526 0.008 0.8477
   Spring precipitation 0.274 0.059 0.6148
Total flower heads per plant, both host species combined
   Previous summer GDD −60.442 0.006 −0.5907
   Previous summer precipitation −45.152 0.039 −0.4632
Models for R. conicus phenology, phenological synchrony, and R. conicus abundance are based on 4 years (1997–2000) at both pre-
serves (N = 8). Models for total thistle flower head abundance are based on 11 years at Arapaho and 10 years at Niobrara (N = 21). 
“GDD” denotes “growing degree days.” Regression statistics. R. conicus phenology: N = 8, P < 0.003, R 2 = 0.961, degree R. conicus 
preceded C. undulatum: N = 8, P = 0.019, R 2 = 0.795; R. conicus abundance: N = 8, P = 0.005, R2 = 0.998; Flower head per plant (both 
spp.): N = 21, P = 0.02, R2 = 0.345 
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thistles (F 3,12 = 2.165, P = 0.145). Further, none of these 
three biotic variables were individually significant predic-
tors of variation in R. conicus egg load on wavyleaf thistle. 
Therefore, variables concerning only the pairwise interac-
tion of the herbivore and populations of this host plant in 
sand prairie were insufficient to explain variation in ovi-
position level and damage. 
Influence of biotic variables: indirect effects among native host 
plants
The multiple regression model that included total 
flower heads resources (produced by both wavyleaf and 
Platte thistles), weevil abundance, and weevil-wavyleaf 
thistle phenological synchrony did explain a signifi-
cant amount of the variation in R. conicus egg load on 
wavyleaf thistles (Table 2). Each of these biotic variables 
contributed significantly to the multiple regression model 
that explained the most variation in R. conicus egg load 
on wavyleaf thistle (Table 2). Mean egg load on wavyleaf 
flower heads increased with the combined effects of in-
creases in weevil abundance as well as decreases in asyn-
chrony (measured as the degree R. conicus preceded 
wavyleaf thistle), and in total thistle heads available at a 
site (Table 2a). Individually, however, none of the biotic 
variables by itself explained a significant portion of the 
variation (linear regressions, P > 0.20).
The proportion of total R. conicus adults that were 
found on wavyleaf thistle (“weevil relative occurrence”) 
increased with decreases in degree R. conicus preceded 
wavyleaf thistle and with decreases in total flower head 
resources (Table 2b). The variation in total flower head re-
sources was best explained by variation in Platte thistle 
flower heads (Figure 6e). 
Specifically, spatial and temporal patterns in R. coni-
cus egg loads on wavyleaf thistle flower heads were in-
versely related to the availability of Platte thistle flower 
heads (Figure 6). The proportion of total R. conicus egg 
cases that were found on wavyleaf thistle (“weevil relative 
oviposition”) increased significantly as R. conicus abun-
dance increased, and decreased significantly as the degree 
R. conicus preceded wavyleaf thistle and as total flower 
heads increased (Table 2c). Further, weevil relative ovi-
position was not affected by the availability of wavyleaf 
flower heads (P > 0.20), but decreased as the total num-
ber of heads increased (Figure 6). Since the total number 
of heads available at a site was the sum of wavyleaf this-
tle plus Platte thistle heads and wavyleaf thistle flowering 
varied only moderately, variation in Platte thistle flower-
ing drove the significant variation in total resource avail-
ability, and this variation significantly influenced egg 
load on wavyleaf thistle (Figure 6). Simple linear regres-
sion models, with number of Platte thistle heads as the in-
dependent variable, explained more variation in both the 
proportion of R. conicus adults (Figure 6e) and the pro-
portion of egg cases (Figure 6f) on wavyleaf thistle than 
did models with the number of wavyleaf heads alone 
(Figure 6a, b) or with the total number of flower heads of 
both species (Figure 6c, d). Thus, the strongest individual 
predictor for both relative occurrence and relative ovipo-
sition of R. conicus on wavyleaf thistle was the number of 
Platte thistle flower heads available. 
Discussion
Three important points emerged from this study. First, 
our results show that the native wavyleaf thistle (C. un-
dulatum) experienced associational defense from ovipo-
sition and larval feeding damage by the exotic R. coni-
cus where the other native thistle in sand prairie, Platte 
thistle (C. canescens), was doing well; R. conicus oviposi-
tion on wavyleaf flower heads decreased as the availabil-
ity of Platte thistle flower heads increased. This finding 
Table 2. Effect of biotic variables on R. conicus oviposition (mean egg cases per wavyleaf, Cirsium undulatum, flower head), rela-
tive occurrence of R. conicus adults on C. undulatum and relative use of wavyleaf thistle by R. conicus 
Variable                                                                                        Parameter estimate (slope)                    P ≤                    Partial correlation
R. conicus egg cases/wavyleaf thistle heada 
   R. conicus adult abundance  0.023 0.022 0.6056
   Degree R. conicus preceded C. undulatum  −6.354 0.044 −0.5443
   Total flower heads/plant for both native thistles −0.036 0.034 −0.5682
Relative occurrence of R. conicus on wavyleaf thistleb 
   Adult abundance of R. conicus  −0.001 0.266 −0.3194
   Degree R. conicus preceded wavyleaf thistle  −0.629 0.003 −0.7375
   Total flower heads/plant for both native thistles −0.003 0.008 −0.6787
Relative oviposition use of wavyleaf thistle by R. conicus c 
   Adult abundance of R. conicus  0.002 0.046 0.5396
   Degree R. conicus preceded wavyleaf thistle  −0.556 0.001 −0.8493
   Total flower heads/plant for both native thistles −0.004 0.001 −0.7666
Relative occurrence is defined as the proportion of R. conicus adults observed on wavyleaf compared to Platte thistle. Relative use 
is defined as the proportion of R. conicus egg cases on wavyleaf compared to Platte thistle 
a Regression of R. conicus eggs per wavyleaf head: N = 16, P = 0.039, R2 = 0.489, Intercept = 8.95 
b Regression of R. conicus relative occurrence on wavyleaf: N = 16, P = 0.001, R2 = 0.716, Intercept = 1.27 
c Regression of R. conicus relative use of wavyleaf thistle: N = 16, P<0.001, R2 = 0.771, Intercept = 1.259 
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is among the first evidence that an exotic herbivore can 
mediate an indirect interaction between two native plants 
(see also Hails and Crawley 1991). Second, both abso-
lute abundance of R. conicus and phenological synchrony 
of its activity with wavyleaf thistle flower head produc-
tion also contributed to the variation in R. conicus damage 
to wavyleaf thistle populations. Third, the results argue 
that accurate prediction of ecological risk to a native host 
plant population from an exotic insect species requires in-
formation on both occurrence and phenology of other po-
tential host plants within the recipient communities. In 
the following, we discuss each of these findings and its 
implications. 
Associational defense provided by another native plant
We found strong evidence of associational defense for 
wavyleaf thistle against R. conicus damage in the pres-
ence of successful flowering by an alternate, newly ad-
opted native host plant, Platte thistle. Greater availabil-
ity of Platte thistle flower heads decreased R. conicus use 
of wavyleaf thistle flower heads. Both relative occurrence 
and relative oviposition of R. conicus on wavyleaf thistle, 
compared to occurrence and oviposition on Platte this-
tle, were inversely related to the number of Platte this-
tle heads (Figure 6e, f). This result was unexpected, given 
that the dynamics of Platte thistle flower head production 
alone significantly explained the variation in R. conicus 
egg load on Platte thistle (Russell and Louda 2004). The 
strength of associational defense that wavyleaf thistle ex-
perienced with Platte thistle was influenced partly by cli-
matic variation and its effect on Platte thistle flowering ef-
fort. More total thistle flower heads were produced in our 
sand prairie sites in years following cool, dry summers; 
this reflected the negative flowering response of Platte 
thistle to higher GDD and precipitation in the previous 
Figure 6. Occurrence of R. conicus 
(a, c, e) and its oviposition use (b, 
d, f) of wavyleaf thistle (C. undu-
latum), relative to occurrence and 
use of the other host plant avail-
able, Platte thistle (C. canescens), 
at Niobrara Valley (solid circles) 
and Arapaho Prairie Preserves 
(open circles), as a function of the 
number of flower heads stan-
dardized to ten plants per pop-
ulation: (a, b) for wavyleaf this-
tle plants only; (c, d) for both 
native thistle species within a 
site; and (e, f) for Platte thistle 
plants only. Least squares regres-
sions: (a) proportion of R. conicus 
adults on wavyleaf thistle = 0.452 
+ 0.001(wavyleaf thistle flower 
heads), P = 0.651, (b) proportion 
of R. conicus eggs on wavyleaf 
thistle = 0.617 + 0.001 (wavyleaf 
thistle flower heads), P = 0.599, 
(c) proportion of R. conicus adults 
on wavyleaf thistle = 1.2–0.003 
(total thistle flower heads), P = 
0.033, (d) proportion of R. conicus 
eggs on wavyleaf thistle = 1.181–
0.003 (total thistle flower heads), 
P = 0.008, (e) proportion of R. con-
icus adults on wavyleaf thistle = 
1.146–0.004 (Platte thistle flower 
heads), P = 0.002; (f) proportion 
of R. conicus eggs on wavyleaf 
thistle = 0.986–0.004 (Platte thistle 
flower heads), P = 0.005 
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summer. We know no other studies that have shown that 
a native plant suffered less damage by an exotic insect 
herbivore when it was associated with an alternative na-
tive host plant species. 
Atsatt and O’Dowd (1976) proposed that a plant would 
experience associational defense when it occurs with an 
alternate host species, if the alternate host drew the herbi-
vores away. However, the theory developed subsequently 
predicts that such associational defense will only occur if 
the alternate host does not induce herbivore immigration 
into the shared patch (Holt 1977, Vandermeer 1989). In 
most cases, the mechanism underlying associational de-
fense is not herbivore attraction by the alternate host; in-
stead, neighboring plants either interfere with herbivore 
detection of hosts or augment predators of the herbivore 
(Hamback and Beckerman 2003). In Sand Hills prairie, 
which lacks R. conicus’ target weed musk thistle (C. nu-
tans), associational defense of wavyleaf thistle may occur 
because R. conicus dispersal from native thistle patches 
may be relatively limited. A recent study showed that iso-
lated wavyleaf plants, those more than 20 m from other 
thistles, receive significantly fewer R. conicus eggs than do 
those in a patch of thistles (M. Manning and S. M. Louda, 
unpublished data). 
The asymmetry of the indirect effects between wavyleaf 
thistle and Platte thistle likely reflects relative flowering 
phenology. Platte thistle flowers before wavyleaf thistle 
(Louda 1998), so Platte thistle flower heads generally are 
more available than wavyleaf flower heads during R. con-
icus’ oviposition period, especially when the weevil’s phe-
nology is early. Associational defense of wavyleaf this-
tle could arise if weevils ovipositing first on Platte thistle 
are unlikely to move to wavyleaf thistle, or if adult females 
produce a limited number of eggs. Accumulating evidence 
suggests that the relative phenologies of prey often may de-
termine the direction of asymmetry of predator-mediated 
indirect effects (Chaneton and Bonsall 2000). Alternatively, 
the asymmetry in this case may reflect an innate preference 
of R. conicus for Platte thistle over wavyleaf thistle; this hy-
pothesis is currently being evaluated (M. Manning and S. 
M. Louda, unpublished data). 
One prediction emerging from current theory is that if 
R. conicus populations increase numerically where Platte 
thistle flower heads are abundant, then wavyleaf this-
tle eventually could suffer greater damage, rather than 
less damage, near Platte thistle than when it occurs alone 
(“associational susceptibility”) (Holt 1977). We predict 
that R. conicus damage to wavyleaf thistle in sand prai-
rie is likely to increase in the future, but we suggest a dif-
ferent mechanism. The data show that Platte thistle pop-
ulations have declined dramatically since R. conicus first 
invaded our study sites (Louda and Arnett 2000, Louda 
et al. 2003). Therefore, as Platte thistle density declines, 
we expect that R. conicus will be forced to delay oviposi-
tion and will more heavily utilize and damage the avail-
able wavyleaf thistles. 
Phenological synchrony-modified effects of herbivore 
abundance
In some years and sites, phenological synchrony be-
tween R. conicus and wavyleaf thistle populations, spe-
cifically the degree to which adult weevil activity pre-
ceded wavyleaf flower head development superceded 
the effect of R. conicus density per se in predicting egg 
load on wavyleaf thistle. For example, at the “Gate” site 
at Arapaho, when 88% of all R. conicus but only 40% of 
wavyleaf heads occurred by late May, R. conicus egg 
loads on wavyleaf thistle were the lowest we ever ob-
served at this preserve. Similarly, at the “Inner Salz-
man” site at Niobrara, when 95% of all R. conicus adults 
but only 21% of wavyleaf flower heads occurred by late 
May, we found no egg cases on wavyleaf thistles. These 
low egg loads occurred despite high numbers of adult 
weevils. Consistent with the indirect effect hypothe-
sis of associational defense, when R. conicus emerged 
early, then the low egg loads on wavyleaf thistle were 
matched by heavy use of Platte thistle ( . 6, Russell and 
Louda 2004). 
Such phenological synchrony of herbivores and host 
plant individuals is recognized as affecting variation in 
damage among plants within a population (Mopper and 
Simberloff 1995; Angulo-Sandoval and Aide 2000). Fur-
ther, variation in phenological synchrony of insects and 
host plant populations has been shown to affect spatial 
structure (Rodriguez et al. 1994) and size of insect pop-
ulations (Kerslake and Hartley 1997; Hunter and Elking-
ton 2000). By contrast, the effects of variation in pheno-
logical synchrony on plant populations have rarely been 
examined (Russell and Louda 2004). Thus this study, 
along with our previous study of Platte thistle (Russell 
and Louda 2004) provides quantitative evidence that 
variation in phenological synchrony, of an exotic floral 
and seed-feeding insect herbivore population with its ad-
opted native host plant populations, affects levels of use 
and damage. 
Weevil phenology and total abundance both were 
strongly affected by climate (Table 1). Weevil phenology 
was accelerated by a warm winter–spring periods and 
by spring precipitation. Temperature has been reported 
to affect R. conicus phenology (Smith and Kok 1985, 
1987), but our results also suggest the importance of 
spring moisture, independent of temperature variation 
in winter or spring, possibly through an effect on over-
wintering success. The important result, though, was the 
influence of climatic parameters on the synchrony of the 
insect population and each of the two host plant popu-
lations through its effect on weevil phenology. Thus, cli-
mate apparently exerted an indirect influence on R. con-
icus damage to wavyleaf thistle, not only by affecting 
total flower heads and Platte thistle flower head avail-
ability but also by affecting weevil phenology and pop-
ulation density. 
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Prediction of exotic insect impact on native host plants
Understanding the causes of large temporal and spa-
tial variation in damage by floral and predispersal seed-
feeding insects will enhance our ability to predict damage 
to native plants by exotic insect herbivores. Accurate pre-
diction of damage would be valuable both when exotic in-
sects are considered for release as weed biological control 
agents or when invasive insects expand their ranges into 
new regions. However, few studies have simultaneously 
considered multiple, possibly interacting mechanisms 
driving variation in damage, both for native assemblages 
and for prerelease evaluations of insect biocontrol agents. 
Our results strongly suggest that prediction of nontarget 
damage on potential native host plants by exotic insects, 
like R. conicus, is not possible if only the pairwise inter-
action between herbivore and a particular host plant is 
considered. Instead, accurate prediction of ecological risk 
to less preferred native host plants will require consider-
ation of the abundance and phenology of resource avail-
ability on all potential host plant species within potential 
recipient communities. 
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